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The genome of the geminivirus tomato golden mosaic virus (TGMV) consists of two circular DNA molecules which are
dissimilar in sequence except for a highly conserved 200-bp common region that includes the origin for rolling circle
replication. To better characterize the plus-strand origin, we analyzed the capacities of various TGMV common region
sequences to support episomal replication in tobacco protoplasts when the viral replication proteins AL1 and AL3 were
supplied in trans. These experiments demonstrated that the minimal origin is located in an 89-bp common region fragment
that includes the known AL1 binding motif and a hairpin structure containing the DNA cleavage site. Analyses of mutant origin
sequences identified two additional cis elements—one that is required for origin activity and a second that greatly enhances
replication. In contrast, a conserved partial copy of the AL1 binding site did not contribute to origin function. Mutational
analysis of the functional AL1 binding site showed that both spacing and sequence of this motif are important for replication
in vivo and AL1/DNA binding in vitro. Spacing changes between the AL1 binding site and hairpin also negatively impacted
TGMV origin function in a position-dependent manner. Together, these results demonstrated that the organization of TGMV
plus-strand origin is complex, involving multiple cis elements that are likely to interact with each other during initiation of
replication. © 1998 Academic Press
INTRODUCTION
Geminiviruses are a family of plant viruses character-
ized by their single-stranded DNA genomes and twin
icosahedral particle morphology (Lazarowitz, 1992; Tim-
mermans et al., 1994). They replicate their small, circular
genomes through double-stranded DNA intermediates
using a rolling circle mechanism (Heyraud et al., 1993;
Stanley, 1995; Stenger et al., 1991). They are classified
into three subgroups based on their insect vector, host
range, and genome structure. Tomato golden mosaic
virus (TGMV) is a typical Subgroup III geminivirus with its
whitefly vector, dicot host, and bipartite genome (Fig. 1A;
Hamilton et al., 1983). The A component of the genome
encodes all the viral proteins involved in replication,
transcription, and encapsidation (Eagle et al., 1994;
Elmer et al., 1988a; Groning et al., 1994; Rogers et al.,
1986; Sunter and Bisaro, 1992; Sunter et al., 1993), while
the B component contributes functions necessary for
movement and symptom production (Brough et al., 1988;
Jeffrey et al., 1996).
TGMV encodes two replication proteins, AL1 and AL3
(Fig. 1A), and recruits the remainder of its replication
machinery from the host plant (Nagar et al., 1995). The
AL1 protein is the only viral protein essential for replica-
tion (Elmer et al., 1988b; Hanley-Bowdoin et al., 1990),
whereas AL3 is an accessory factor that enhances rep-
lication through an unknown mechanism (Elmer et al.,
1988a; Sunter et al., 1990). AL1 also acts as a transcrip-
tional repressor (Eagle et al., 1994; Groning et al., 1994;
Hong and Stanley, 1995; Sunter et al., 1993) and modifies
its host (Nagar et al., 1995). Several biochemical activi-
ties have been demonstrated for AL1, including double-
and single-stranded DNA binding (Fontes et al., 1992;
Thommes et al., 1993), sequence-specific DNA cleavage
and ligation (Heyraud-Nitschke et al., 1995; Laufs et al.,
1995; Orozco and Hanley-Bowdoin, 1996), and ATP hy-
drolysis (Desbiez et al., 1995; Orozco et al., 1997). AL1
also multimerizes with itself and interacts with AL3 (Sett-
lage et al., 1996) and with a plant retinoblastoma homo-
logue (Ach et al., 1997; Grafi et al., 1996; Xie et al., 1996).
TGMV A and B DNAs contain a 200-bp 59 intergenic
sequence, or common region, that is highly conserved
between the two components. The TGMV common re-
gion includes a tandemly repeated motif that specifically
binds the AL1 protein (Fontes et al., 1994a, 1992) and a
conserved hairpin structure (Orozco and Hanley-Bow-
doin, 1996). Mutation of the AL1 binding site (Fontes et
al., 1994a) or disruption of the hairpin (Lazarowitz et al.,
1992; Orozco and Hanley-Bowdoin, 1996; Revington et
al., 1989) negatively effects replication. The AL1 binding
sites of different geminiviruses have related, but distinct
DNA sequences and bind specifically to their cognate
AL1 proteins, establishing that these sites function as
origin recognition elements (Fontes et al., 1994b). The
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hairpin is cleaved by AL1 within an invariant loop se-
quence to initiate (1)-strand DNA synthesis (Heyraud-
Nitschke et al., 1995; Laufs et al., 1995; Orozco and
Hanley-Bowdoin, 1996). The TGMV common region con-
tains transcription elements, including a G-box motif, that
mediate complementary-sense gene expression and im-
pact the efficiency of replication (Eagle and Hanley-
Bowdoin, 1997). The AL1 binding site also has a dual role
in replication and transcription (Eagle et al., 1994). None
of these studies determined the precise limits of the
TGMV plus-strand origin or whether additional cis ele-
ments are required for function. To better characterize
the TGMV plus-strand origin, we analyzed the capacities
of various wild type and mutant TGMV common region
sequences to support episomal replication in tobacco
protoplasts when the viral replication proteins AL1 and
AL3 were supplied in trans.
RESULTS
The TGMV minimal origin
The TGMV origin of replication was identified by ex-
amining the capacities of various TGMV DNA sequences
to support direct replication of a bacterial plasmid in
tobacco protoplasts when AL1 and AL3 were supplied in
trans from a plant expression cassette. Our approach
was based on the episomal replication systems used to
define the origins of mammalian DNA viruses like simian
virus 40 and the papillomaviruses (Li et al., 1986; Delvec-
chio et al., 1992). This experimental strategy has several
advantages, including isolation of putative origin se-
quences from other viral sequences, separation of cis-
and trans-acting replication functions, and ease of clon-
ing and analysis.
We cloned a 454-bp fragment that included the com-
mon region and flanking sequences from TGMV A posi-
tions 2460 to 326 and 11 subfragments into the same
pUC vector such that their orientations and flanking vec-
tor sequences were identical (Fig. 1B). The resulting
common region (CR) plasmids were cotransfected with
the AL1,2,3 expression cassette into protoplasts and an-
alyzed for replication by DNA gel blot hybridization. DpnI-
resistant bands corresponding to unit-length, double-
stranded DNA were detected for CR2460–326 and seven
other CR plasmids (Fig. 1C, lanes 2–9). The smallest
TGMV fragment that supported episomal replication was
an 89-bp DNA from TGMV A positions 64–153 (CR64–153,
lane 9). All of the other plasmids that supported replica-
tion contained this fragment and various flanking viral
sequences (Fig. 1C, lanes 2–8). No DpnI-resistant prod-
ucts were detected for four CR constructs. Three of these
plasmids, CR85–214 (Fig. 1C, lane 11), CR2460–135 (lane 12),
and CR136–326 (lane 13), lacked either an intact hairpin or
the AL1 binding site. Interestingly, the fourth plasmid
CR72–153 that failed to support episomal DNA synthesis
(Fig. 1C, lane 10) contained both elements. Comparison
of CR72–153 (Fig. 1C, lane 10) with the replication-compe-
tent plasmid CR64–153 (lane 9) located the left border of
the minimal origin between TGMV A positions 64–72
upstream of the AL1 binding site. Comparison of the 39
FIG. 1. Episomal replication of pUC plasmids containing TGMV com-
mon region fragments. (A and B) The TGMV A genome component and
the DNA A fragments in the CR plasmids are depicted. The open box
represents the common region (CR), with the AL1 binding site and
hairpin marked by filled and hatched boxes, respectively. The initiation
sites for (1)-strand DNA replication and AL61 transcription are indi-
cated in A and B, and the directions of synthesis are shown in B. The
AL1, AL2, AL3, AL4, and AR1 open reading frames are designated by
arrows in A. In B, the position numbers of the viral DNA inserts relative
to TGMV A are given at the right, whereas the corresponding lane
numbers in C are indicated on the left. (C) CR DNAs were analyzed for
replication in tobacco protoplasts. The replicon DNAs were CR2460–326
(lanes 1 and 2), CR2579–259 (lane 3), CR2579–214 (lane 4), CR28–259 (lane 5),
CR28–214 (lane 6), CR28–153 (lane 7), CR53–153 (lane 8), CR64–153 (lane 9),
CR72–153 (lane 10), CR85–214 (lane 11), CR2460–135 (lane 12), and CR136–326
(lane 13). In lanes 2–13, the AL1,2,3 expression cassette was coelec-
troporated with the CR DNAs. Total DNA was isolated 2 days post-
transfection, digested with DpnI–HindIII, and analyzed by DNA hybrid-
ization using a pUC probe. Newly synthesized, double-stranded DNA
products are shown.
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end points of the TGMV A inserts in CR64–153 (Fig. 1C,
lane 9) and CR2460–135 (lane 12) located the right border
of the origin between TGMV A sequences 135–153 in the
right side of the hairpin. Together, these results identified
the TGMV minimal origin to within 89 bp between TGMV
A positions 64–153.
Cis elements upstream of the minimal origin
The low level of CR64–153 replication (Fig. 1C, lanes 9)
suggested that a cis element that enhances origin utili-
zation is located upstream of the AL1 binding site. This
region contains a partial inverted copy of the TGMV AL1
recognition sequence between TGMV A positions 30–42
(Fig. 2A) that might contribute to origin function (Arguello-
Astorga et al., 1994). We tested this hypothesis by com-
paring replication of CR28–326, which contained the par-
tial site, to CR39–326 and CR43–326, which lacked part or all
of the partial sequence (Fig. 2A). CR28–326 (Fig. 2B, lane
1), CR39–326 (lane 2), and CR43–326 (lane 3) replicated to
wild type levels (Table 1), indicating that the partial site is
not required for replication. Alternatively, the partial site
might have a role in transcriptional regulation, as has
been established for the AL1 binding site (Eagle et al.,
1994). Hence, we asked if the AL1 protein differentially
represses AL61 promoter sequences with (A28–326-luc) or
without (A39–326-luc) the partial site. The relative levels of
luciferase activity supported by the two promoters were
similar in extracts from N. benthamiana protoplasts lack-
ing AL1 (data not shown). In contrast, the activity of the
A28–326-luc construct was repressed 26-fold in proto-
plasts cotransfected with an AL1 expression cassette,
whereas the activity of A39–326-luc was reduced 11-fold
(Fig. 2C). These results showed that the partial binding
motif enhances AL1-mediated repression of the AL61
promoter 2- to 3-fold in transient assays.
To identify the cis element necessary for efficient ori-
gin utilization uncovered in Fig. 1, we analyzed three
additional CR 59 deletions. CR48–326 (Fig. 2B, lane 4) and
CR54–326 (lane 5) replicated to high levels in tobacco
protoplasts. In contrast, CR63–326 DNA (Fig. 2B, lane 6)
only accumulated to 5% of wild type levels (Table 1).
These results demonstrated that sequences down-
stream of TGMV A position 54 greatly impact origin
activity. There is a conserved motif among geminivirus
origins, CCAAAA, between TGMV A positions 54–59 (see
Fig. 7B) that might constitute the functional element. To
test this hypothesis, we generated three mutants in the
CCAAAA sequence (Fig. 3A) and tested them in standard
and competitive replication assays (Orozco and Hanley-
Bowdoin, 1996). Two of the CA mutants, CA-a (Fig. 3B,
lane 2) and CA-b (lane 3), replicated to wild type levels
when cotransfected into tobacco protoplasts with an
AL1,2,3 expression cassette, while the third mutant, CA-c
(lane 4), only accumulated to ca. 20% of wild type levels.
In contrast, replication of all three mutants was reduced
by the presence of the wild type origin in competition
assays (Fig. 3C), in particular for CA-a (lane 2) and CA-c
(lane 4). These results demonstrated that the CA-motif is
necessary for efficient replication. The ability of CA-b,
compared to CA-a or CA-c, to support efficient replication
in the presence of wild type competitor DNA suggested
that the purine/pyrimidine content of the CA- motif and
not the precise sequence is important for origin function.
Cis elements between the AL1 binding site and
hairpin
The TGMV A minimal origin is flanked by two func-
tional elements, the AL1 binding site and the hairpin,
which are separated by 34 bp. To date, the importance of
only 8 of the 34 bp for origin function has been studied
(Eagle and Hanley-Bowdoin, 1997). To examine the po-
tential involvement of other basepairs, we generated
three replacement mutants in which short sections of the
intervening sequence were altered but wild type spacing
was maintained. Together, RM85–95, RM96–108, and
RM109–118 changed the entire 34-bp intervening se-
quence in 10- to 13-bp clusters (Fig. 4A). When RM85–95
(Fig. 4B, lane 2) or RM109–118 (lane 4) was cotransfected
with an AL1,2,3 expression cassette into tobacco proto-
plasts, they supported significant levels of episomal rep-
lication, with mutant double-stranded DNA accumulating
to 40 and 85% of wild type DNA, respectively (Table 1). In
contrast, RM96–108 DNA levels (Fig. 4B, lane 3) were
less than 5% of wild type (Table 1). Sequences flanking
TGMV A positions 96–108 contain transcription elements
that are necessary for efficient origin activity (Eagle and
Hanley-Bowdoin, 1997). Thus, we asked if sequences
FIG. 2. A conserved, partial AL1 binding site does not contribute to
TGMV replication. (A) The DNA sequence from TGMV A positions
28–84 is shown. The location and orientation of the full length (right)
and partial (left) AL1 binding sites are underlined while the position of
the hairpin is diagrammed. The initiation sites and directions of syn-
thesis for (1)-strand DNA replication and AL61 transcription are indi-
cated. The 59 endpoints of CR DNAs analyzed in B are marked above
the sequence. (B) CR DNAs were analyzed for replication in tobacco
protoplasts in the presence of an AL1,2,3 plant expression cassette, as
described in the legend to Fig. 1. The replicon DNAs were CR228–326
(lane 1), CR39–326 (lane 2), CR43–326 (lane 3), CR48–326 (lane 4), CR54–326
(lane 5), and CR63–326 (lane 6). (C) The CR DNAs, CR28–326 and CR39–326,
were analyzed in transient transcription assays using a luciferase
reporter. Repression is reported as the ratio of transcription in absence
versus the presence of an AL1 plant expression cassette. The error
bars represent two standard errors.
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TABLE 1
TGMV Origin Contructs
Name Number Replication activitya Descriptionb
Common region
CR22460–326 pNSB57 wt TGMV A 2460–326 in pUC118
CR2460–135 pNSB98 Inactive TGMV A 2460–135 in pUC118
CR2579–259 pNSB63 wt TGMV A 3579–259 in pUC118
CR2579–214 pNSB125 wt TGMV A 3579–214 in pUC118
CR28–259 pNSB121 wt TGMV A 28–259 in pUC118
CR28–214 pNSB93 wt TGMV A 28–214 in pUC118
CR28–153 pNSB94 wt TGMV A 28–153 in pUC118
CR53–153 pNSB343 wt TGMV A 53–153 in pUC118
CR64–153 pNSB212 Trace TGMV A 64–153 in pUC118
CR72–153 pNSB174 Inactive TGMV A 72–153 in pUC118
CR85–214 pNSB82 Inactive TGMV A 85–214 in pUC118
CR136–326 pNSB97 Inactive TGMV A 136–326 in pUC118
CR128–326 pNSB110 100 TGMV A 28–326 in pUC18
CR39–326 pNSB458 127 6 19 TGMV A 39–153 in pUC18
CR43–326 pNSB507 79 6 24 TGMV A 43–153 in pUC18
CR48–326 pNSB506 88 6 14 TGMV A 48–153 in pUC18
CR54–326 pNSB520 74 6 12 TGMV A 54–153 in pUC18
CR63–326 pNSB497 ,5 TGMV A 63–153 in pUC18
CCAAAA mutantsc
CR228–326 pNSB117 100 TGMV 28–326 in pUC118
CA-a pNSB538 18 6 6 Mutate TGMV A 54–55 to GG
CA-b pNSB539 72 6 24 Mutate TGMV A 56–59 to CGGG
CA-c pNSB557 17 6 2 Mutate TGMV A 56–59 to TTTT
Replacement mutantsd
CR12460–326 pNSB405 100 TGMV A 2460–326 in pUC18
RM85–95 pNSB561 40 6 7 Replace TGMV A 85–95 with GCTAGCCCATG
RM96–108 pNSB562 ,5 Replace TGMV A 96–108 with GTTGCTCGAGCCC
RM109–118 pNSB584 85 6 15 Replace TGMV A 109–118 with TCCAAGGTCC
Spacing mutantsd
CR12460–326 pNSB405 100 TGMV A 2460–326 in pUC18
13(108) pNSB425 48 6 12 Insert TAA at TGMV A 108
17(108) pNSB558 ,5 Insert ACTGATG at TGMV A 108
110(108) pNSB559 ,5 Insert CCATCGTGG at TGMV A 108
113(108) pNSB451 ,5 Insert TAACCATCGTGG at TGMV A 108
17(115) pNSB612 70 6 8 Insert ACTGATG at TGMV A 115
110(115) pNSB560 63 6 10 Insert CCATCGTGG at TGMV 115
113(115) pNSB465 45 6 6 Insert TAACCATCGTGG at TGMV A 115
120(115) pNSB639 42 6 14 Insert CCATCGTGGCCATCGTGG at TGMV A 115
23 pNSB427 ,5 Delete TGMV A 106–108
27 pNSB436 ,5 Delete TGMV A 109–115
210 pNSB429 15 6 4 Delete TGMV A 106–115
AL1 binding site mutantsc
CR228–326 pNSB117 100 TGMV 28–326 in pUC118
59-a pNSB186 55 6 2 Mutate TGMV A 72–73 to CC
59-b pNSB492 48 6 1 Delete TGMV A 74
59-c pNSB553 116 6 24 Mutate TGMV A 74 to A
59-d pNSB555 ,5 Mutate TGMV A 75–76 to TC
middle pNSB518 55 6 4 Mutate TGMV A 77–79 to ACT
39-a pNSB185 ,5 Mutate TGMV A 80–81 to CC
39-b pNSB493 ,5 Delete TGMV A 82
39-c pNSB554 93 6 15 Mutate TGMV A 82 to A
39-d pNSB556 ,5 Mutate TGMV A 83–84 to TC
a The origin activity of each plasmid was tested in tobacco protoplasts in the presence of an AL1, 2, 3 plant expression cassette. Replication levels
were standardized to wild type, which was set at 100. The value for two standard errors is given. Precise values are not given for DNAs that replicated
to less than 5% of wild type because of errors due to background subtraction from low values.
b The numbers refer to positions in the TGMV A genome.
c The CCAAAA and AL1 binding site mutants were made in pNSB117.
d The replacement and spacing mutants were made in pNSB405.
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96–108 also contribute to AL61 promoter function. How-
ever, the activity of a luciferase reporter containing the
96–108 replacement was indistinguishable from an
equivalent wild type construct in transient transcription
assays that measured AL61 promoter function and AL1-
mediated repression (data not shown), indicating that
this region is only required for origin function.
We also asked if the length of the intervening se-
quence is important for origin activity. Three spacing
mutants with 3-, 7-, or 10-bp deletions between TGMV A
positions 106–115 were analyzed in transient replication
assays. In Fig. 5D, replication of the 23 and 27 spacing
mutants was barely detectable. Surprisingly, the 210
mutant replicated to about 15% of wild type levels (Fig.
5D, Table 1), even though the 10-bp deletion fully encom-
passed the 3- and 7-bp deletions. These results sug-
gested that the phenotypes of the deletions reflect two
effects—loss of specific DNA sequences and spacing
changes. To address this possibility, we examined the
impact of insertions that altered spacing but did not
delete sequence on TGMV origin function. A 3-bp inser-
tion at TGMV A position 108 (Fig. 5B) had a minimal effect
on replication (70% of wild type, Table 1), whereas 17,
110 or 113bp at the same position were highly delete-
rious (,5% of wild type). In contrast, insertions at TGMV
A position 115 were less detrimental (Fig. 5C), with the
17, 110, 113, and 120 mutants accumulating to ca.
40–70% of wild type levels (Table 1). The low replication
levels of the insertion mutants in Fig. 5B cannot be
attributed to the disruption of an essential cis element or
the addition of a detrimental DNA sequence because of
the wild type replication levels seen for RM109–118 (Fig.
4, lane 4), which contained the same foreign sequence at
the equivalent location as 110(108). These results es-
tablished that spacing changes in the intervening se-
quence strongly impact origin function, most likely re-
flecting interactions among cis elements in this region.
However, the position dependence of the spacing muta-
tions is difficult to reconcile into a model at this time.
Sequence of the AL1 binding site
The TGMV AL1 binding site has been mapped to a
directly repeated motif, 59-GGTAGTAAGGTAG (Fontes
et al., 1994a). Comparison of the TGMV motif and related
sequences in the genomes of other Subgroup III geminivi-
ruses revealed the consensus, 59-GG–AGTAYYGG–AG (see
Fig. 7B). Previous studies demonstrated that the conserved
GG dinucleotides are necessary for efficientreplication and
AL1/DNA binding (Fontes et al., 1994a). In Fig. 6, we
examined the involvement of other motif nucleotides in
origin function and AL1 binding. Mutation of the AG
residues in the 59 (Fig. 6B, lane 5) or the 39 (lane 10)
repeats was most detrimental to replication. However,
mutation of the GG-dinucleotides (Fig. 6B, lanes 2 and 7)
or deletion of the T residues (lanes 3 and 8) in both
repeats also resulted in reduced replication levels (Table
FIG. 4. A sequence between the AL1 binding site and the hairpin is
required for origin function. (A) The DNA sequence (TGMV A positions
85–118) between the AL1 binding site (open arrows) and hairpin (dia-
gram) is shown. The replacement mutations in this region are indicated
by lowercase letters. The initiation sites and directions of synthesis for
(1)-strand DNA replication and AL61 transcription are indicated. (B)
Plasmids containing wild type or mutant TGMV origin sequences were
analyzed for replication in tobacco protoplasts in presence of an
AL1,2,3 plant expression cassette, as described in the legend to Fig. 1.
The replicon DNAs were CR12460–326 (wild type, lane 1), RM85–95 (lane
2), RM96–108 (lane 3), and RM109–118 (lane 4).
FIG. 3. A cis element that enhances the activity of the TGMV minimal
origin. (A) The DNA sequence from TGMV A positions 49–64, which
contains the CA motif, is shown. Mutations in this region are indicated
by lowercase letters. The initiation sites and directions of synthesis for
(1)-strand DNA replication and AL61 transcription are indicated, and
the hairpin is diagrammed. (B and C) pUC118-based plasmids contain-
ing wild type or mutant TGMV origin sequences were analyzed for
replication in tobacco protoplasts as described in the legend to Fig. 1
either alone (B) or in the presence (C) of a pUC18-based DNA contain-
ing a wild type TGMV origin (CR128–326). The test replicon DNAs were
CR228–326 (wild type, lane 1), CA-a (lane 2), CA-b (lane 3), and CA-c (lane
4). All of the replication assays were performed in the presence of an
AL1,2,3 plant expression cassette.
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1). In contrast, replacement of the T residues with A
nucleotides in the repeats did not impair replication (Fig.
6B, lanes 4 and 9), indicating the precise sequence at
this position is not critical for origin function. Mutation of
the TAA bps between the two repeats only resulted in a
moderate reduction in replication (Fig. 6B, lane 6). To-
gether, these results revealed that there is some se-
quence flexibility in the AL1 binding site and that spacing
also contributes to its activity during viral replication. The
involvement of spacing was further supported by an AL1
binding site mutation in the Subgroup III geminivirus
bean golden mosaic virus, which inserted a single nu-
cleotide between the two repeats and inhibited replica-
tion (unpublished result).
Earlier studies demonstrated that there is a correlation
between the ability of AL1 to bind its recognition site in
vitro and support replication in vivo (Fontes et al., 1994a).
In Fig. 6C, we examined the capacity of a purified, GST-
AL1 fusion protein to shift double-stranded oligonucleo-
tides corresponding to the various AL1 binding site mu-
tants in electrophoretic mobility shift assays (Orozco and
Hanley-Bowdoin, 1996). The amounts of bound complex
were reduced relative to wild type (Fig. 6C, lane 1) for
oligonucleotides containing the GG to CC (lanes 2 and 7)
or the AG to TC (lanes 5 and 10) mutations or in which the
T residue was deleted (lanes 3 and 8). In contrast, oli-
gonucleotides in which the T residue was replaced by A
FIG. 6. AL1 binding site mutations effect viral replication and DNA
binding similarly. (A) The DNA sequence of the AL1 binding site be-
tween TGMV A positions 72–84 is shown. The binding site mutations
are indicated by lowercase letters. The initiation sites and directions of
synthesis for (1)-strand DNA replication and AL61 transcription are
indicated, and the hairpin is diagrammed. (B) Plasmids containing
TGMV origins with wild type (CR228–326) or mutant AL1 binding sites
sequences were analyzed for replication in tobacco protoplasts in
presence of an AL1,2,3 plant expression cassette, as described in the
legend to Fig. 1. (C) Double-stranded, 32P-labeled oligonucleotides
corresponding to wild type or mutant AL1 sequences were incubated
with purified GST-AL1 protein. The bound and free complexes were
resolved by electrophoresis through agarose. In B and C, the AL1
binding sites in the replicon DNAs or oligonucleotides were wild type
(lane 1), 59-a (lane 2), 59-b (lane 3), 59-c (lane 4), 59-d (lane 5), middle
(lane 6), 39-a (lane 7), 39-b (lane 8), 39-c (lane 9), and 39-d (lane 10).
FIG. 5. The TGMV origin is sensitive to changes in spacing. (A) The
DNA sequence (TGMV A positions 85–118) between the AL1 binding
site (open arrows) and hairpin (diagram) is shown. Positions 108 and
115 where spacing mutations were introduced are labeled. The initia-
tion sites and directions of synthesis for (1)-strand DNA replication and
AL61 transcription are indicated. (B) Plasmids containing wild type or
mutant TGMV origin sequences with insertions (boxed) at position 108
were analyzed for replication in tobacco protoplasts in presence of an
AL1,2,3 plant expression cassette, as described in the legend to Fig. 1.
The replicon DNAs were wild type (CR12460–326), 13(108), 17(108),
110(108), and 113(108). (C) Plasmids containing wild type or mutant
TGMV origin sequences with insertions (boxed) at position 115 were
analyzed for replication. The replicon DNAs were wild type (CR12460–
326), 17(115), 110(115), 113(115), and 120(115). (D) Plasmids contain-
ing wild type or mutant TGMV origin sequences with deletions (dashes)
between positions 105–115 were analyzed for replication. The replicon
DNAs were wild type (CR12460–326), 23, 27, and 210.
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in either repeat (Fig. 6C, lanes 4 and 9) or in which the
middle TAA bps were changed (lane 6) were shifted
efficiently by the GST-AL1 protein. Interestingly, the ef-
fects of the mutations were stronger for replication than
for DNA binding, and the impact of mutations in the left
versus the right repeat were different between the two
assays (cf. compare Fig. 6B and C), indicating that the in
vitro assay does not fully reconstitute events in vivo.
DISCUSSION
Initiation of DNA synthesis is mediated by specific
regions of DNA that act as origins of replication. Analy-
ses of viral, plasmid, and chromosomal replication have
provided insight into the nature of DNA replication ori-
gins in bacteria, fungi, and animals (Held and Heintz,
1992; Kornberg and Baker, 1992; Stillman, 1994). Much
less is known about the sequences and the molecular
processes that are involved in initiation of DNA replica-
tion in plants. However, recent studies on geminivirus
replication have begun to address these deficiencies
and to provide valuable information on DNA replication
mechanisms in plant nuclei. In this paper, we mapped a
geminivirus minimal origin of replication and demon-
strated that it has a complex organization involving both
sequence and spacing constraints.
We mapped the TGMV minimal origin to an 89-bp
fragment that is located on the left side of the common
region and is conserved at all but one position between
the A and B genome components. The 89-bp origin is
located within a 303-bp TGMV A fragment previously
shown to support episomal replication (Lazarowitz et al.,
1992). In our experiments, direct replication of input plas-
mid DNA coelectroporated into tobacco suspension cell
protoplasts with an AL1,2,3 plant expression plasmid
was monitored. In contrast, Lazarowitz and co-workers
(1992) detected release and replication of an episome in
N. benthamiana leaf discs agroinoculated with a plasmid
that included a tandem copy replicon and an AL1,2,3
expression cassette. Together, these results provided
strong evidence for the identity of the TGMV origin inde-
pendent of the nature of the input DNA, the method of
DNA delivery and the plant tissue type. They also sup-
ported the efficacy of the protoplast system for studying
the sequence requirements for TGMV origin function.
The organization of the TGMV origin is complex, in-
volving two types of cis elements—those that are essen-
tial for function and those that facilitate efficient utiliza-
tion. Previous studies and those reported here identified
three essential cis elements in the TGMV origin. One
element encompasses a hairpin structure and its loop
sequence, which contains the cleavage site for initiation
of rolling circle replication (Orozco and Hanley-Bowdoin,
1996). The sequence of the hairpin stem affects replica-
tion efficiency and, thus, is of the second class. Another
essential origin element is the AL1 binding site, which
mediates virus-specific origin recognition (Fontes et al.,
1994b). A third essential sequence located between
TGMV A positions 96–108 was identified by replacement
mutagenesis. The role of this sequence is not known but
one possibility is that it binds a host factor necessary for
initiation of replication. This idea is supported by the
presence of the symmetrical motif, 59-GAAGTTC, in this
region. A possible role for this sequence in complemen-
tary-sense transcription was ruled out by the observa-
FIG. 7. The cis elements in the TGMV (1)-strand origin are evolu-
tionarily conserved. (A) Summary of the replication phenotypes of
TGMV origin mutants reported previously (Eagle and Hanley-Bowdoin,
1997; Fontes et al., 1994a; Orozco and Hanley-Bowdoin, 1996) and
herein. The top strand of the TGMV (1)-strand origin is shown (TGMV
A positions 54–153). The bars correspond to known functional ele-
ments and the hairpin structure is shown. The initiation sites and
directions of synthesis for (1)-strand DNA replication and AL61 tran-
scription are indicated. The replication phenotypes are coded as es-
sential (●), moderate effect (#), efficiency (1), spacing/structure (G),
and no effect (E). (B) Comparison of the TGMV (1)-strand origin of
replication with common region sequences from the A components of
closely related Subgroup III geminiviruses (Padidam et al., 1995; Ry-
bicki, 1994). The TGMV origin elements are labeled by the solid bars or
the hairpin structure, whereas the partial AL1 binding site is indicated
by the dotted bar. TGMV A (K02029) sequences 26–118 are aligned with
the equivalent sequences in potato yellow mosaic virus (PYMV;
D00940), bean golden mosaic virus-Brazilian isolate (BGMV-BZ;
M88686), abuliton mosaic virus (AbMV; X15983), bean dwarf mosaic
virus (BDMV; M88179), tomato mottle virus (TMoV; L14640), and bean
golden mosaic virus-Guatemalan isolate (BGMV-GA; M91604), with the
numbers in parentheses corresponding to Genbank accession num-
bers. A consensus sequence derived from the shown sequences is
given using the single letter base code, R for purine and Y for pyrimi-
dine.
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tions that the RM96–108 mutation had no detectable
effect on AL61 promoter activity or AL1-mediated repres-
sion.
Although the AL1 binding sites of different Subgroup III
geminiviruses act as virus-specific origin elements
through selective binding of their cognate AL1 proteins
(Fontes et al., 1994b; Gladfelter et al., 1997), they have
related sequences that conform to the consensus, 59-
GG–AGTAYYGG–AG (Fig. 7B). Replication and DNA bind-
ing assays with site-directed mutants of the TGMV AL1
binding site revealed that the sequence requirements
within the repeats are similar. The conserved GG and AG
dinucleotides were essential, whereas a T residue at the
variable position was not. However, when the T residue
was deleted such that the TGMV repeats resembled
those of abuliton mosaic virus, bean dwarf mosaic virus
(BDMV), and BGMV-GA (Fig. 7B), the binding site was not
functional. Similarly, changing the TGMV sequence be-
tween the two repeats to resemble BGMV-GA did not
interfere with function, whereas the addition of one res-
idue between the repeats of BGMV-GA abolished repli-
cation. Together, these results demonstrated that spac-
ing within and between the repeats is important for AL1
binding and origin function. Choi and Stenger (1996)
showed that spacing and sequence are also important
for strain-specific recognition of beet curly top virus
(BCTV). However, BCTV replication only required the
center residues and right repeat of the consensus motif.
We were unable to detect replication activity from chi-
meric origins containing similar composite TGMV/
BGMV-GA AL1 binding sites (unpublished result), indi-
cating that the requirements for origin specificity are
more complex between TGMV and BGMV-GA. This con-
clusion is consistent with the observation that the AL1
protein domains involved in origin recognition are also
more complex for TGMV and BGMV-GA (Gladfelter et al.,
1997) than for different BCTV strains (Choi and Stenger,
1996).
The genomes of TGMV and other Subgroup III gemi-
niviruses contain inverted, partial copies of their respec-
tive AL1 binding sites that were postulated to have roles
in viral replication and/or transcription (Arguello-Astorga
et al., 1994; Fig. 7B). We were unable to detect any effect
of the partial site on TGMV replication (Fig. 2B) and only
a minimal effect on AL1-mediated repression in vivo (Fig.
2C). Mutagenesis of the full AL1 binding site established
that the 59 and 39 repeats are both required for replica-
tion in vivo and AL1 binding in vitro. The partial site does
not contain an intact 39 motif and binds AL1 very poorly
in vitro (unpublished result). Together, these results es-
tablished that the partial site does not facilitate recruit-
ment of the AL1 protein during replication and only
makes a limited contribution to transcription. However,
given the conservation of the partial site sequence in the
genomes of many Subgroup III geminiviruses, it may play
a role in another aspect of the virus life cycle that our
assays were unable to detect.
The TGMV origin contains two sequences between
the hairpin and the AL1 binding site that contribute to
efficient utilization (Eagle and Hanley-Bowdoin, 1997).
One of these sequences corresponds to a G-box tran-
scription element, strongly supporting a role for a host
transcription factor in efficient initiation of TGMV replica-
tion. The second sequence corresponds to a TATA box
motif, suggesting the possible involvement of the basal
transcription apparatus or DNA melting during initiation.
The replacement mutant RM85–95, which is modified at
8 of 10 positions in the AT-rich sequence, only replicated
to 40% of wild type levels in the absence of competition
(Fig. 4), indicating that the AT-rich region may be more
crucial for origin function than proposed previously. This
idea is supported by the observation that RM109–118,
which lacks a G-box sequence, replicated to wild type
levels in the same assays, demonstrating that larger
mutations are not necessarily more detrimental to TGMV
origin function. A third sequence that enhances viral
replication, CCAAAA, is located outside of the minimal
origin between TGMV A positions 54–63. Deletion of this
conserved sequence resulted in a dramatic reduction of
viral replication in the absence of competitor origin se-
quences (Fig. 2B). Site-directed mutations revealed the
importance of the purine/pyrimidine content of the region
for replication enhancement.
The six elements in the TGMV origin are closely
spaced (Fig. 7A), suggesting that they may interact with
each other during initiation of replication. Three lines of
evidence support this idea. First, the common regions of
other Subgroup III geminiviruses contain sequences that
are related to the six elements in the TGMV (1)-strand
origin (Fig. 7B). The arrangement of the elements is
conserved among different geminiviruses except for a
variable length sequence between the AG and G-box
motifs, indicating that there is evolutionary pressure to
maintain their organization. Second, insertion into the
TGMV origin impacts its activity in a position-dependent
manner (Figs. 5B and 5C). Third, the effect of deletion
mutants on the TGMV origin activity may be less delete-
rious if phasing is maintained (Fig. 5D). The sensitivity of
the TGMV origin to spacing changes suggested that
there are interactions between two or more cis elements,
most likely through the proteins that recognize and bind
them. To date, only the AL1 protein has been shown to
bind the origin and to be necessary for initiation of
replication (Elmer et al., 1988a; Fontes et al., 1992). How-
ever, the complexity of the TGMV origin strongly supports
the existence of other proteins that act in concert with
AL1 to direct initiation of (1)-strand DNA synthesis. Fu-
ture experiments will identify these factors and examine
their roles during initiation.
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MATERIALS AND METHODS
Plasmids
The position numbers used to describe the following
plasmids refer to the nucleotide coordinates of the TGMV
A sequence determined by Hamilton et al. (1984). In this
numbering scheme, the circular TGMV A DNA is num-
bered 1–2588 with the common region delimited by po-
sitions 1–200. The inserts of the TGMV origin constructs
listed in Table 1 were verified by DNA sequencing.
The CR plasmids were constructed using pUC18 or
pUC118 (Table 1) modified by insertion of a BglII linker
into the polylinker SmaI site. The CR inserts were cloned
into the BglII and BamHI sites of the pUC vectors in the
same orientation and were verified by DNA sequencing.
DNA ends with 59 overhangs were repaired using Esch-
erichia coli DNA polymerase I (Klenow fragment), and 39
overhangs were removed using T4 DNA polymerase, as
required during construction.
The plasmids CR128–326 and CR228–326, which include
identical 298-bp TGMV CR fragments cloned into pUC18
and pUC118, respectively, have been described previ-
ously (Eagle et al., 1994). The plasmid pMON437, which
contains a single copy of TGMV A with an engineered
BamHI site at position 326 (Elmer et al., 1988a), was used
as the source for six CR fragments. The fragments
and their corresponding clones were a 464-bp PstI/
BamHI DNA in CR12460–326 and CR22460–326, a 263-bp
PstI/SspI DNA in CR2460–135, a 268-bp SfaNI/DraI DNA in
CR2579–259, a 223-bp SfaNI/NdeI DNA in CR2579–214, a
129-bp AluI/NdeI DNA in CR85–214, and a 200-bp SspI/
BamHI DNA in CR136–326. CR12460–326 and CR22460–326 are
identical except for the use of pUC18 and pUC118, re-
spectively, as the cloning vectors. Plasmid pMON477,
which contains a BglII site engineered at TGMV A
position 28 (Elmer et al., 1988a), was the source of
seven other CR fragments. The fragments and their
corresponding CR clones were a 231-bp BglII–DraI in
CR28–259, a 186-bp BglII/NdeI DNA in CR28–214, a 125-bp
BglII/PvuI DNA in CR28–153, a 100-bp BanII/PvuI DNA in
CR53–153, a 287-bp MfeI/BamHI DNA in CR39–326, and a
283-bp MfeI/BamHI DNA in CR43–326. A 91-bp HpaI/PvuI
fragment from pNSB136, which contains an engineered
HpaI site at TGMV A position 64 (Eagle and Hanley-
Bowdoin, 1997), was used to construct CR64–153.
The plasmids CR72–153 and CR48–326 were made using
PCR fragments. For CR72–153, an 81-bp fragment was
generated from CR2579–259 using the primers, 59-GGTAG-
TAAGGTAGCTCTTATATATTTAG and 59-cgccagggttttc-
ccagtcacgac, followed by digestion with PvuI and T4
DNA polymerase. (Uppercase letters designate TGMV
sequences while lowercase letters correspond to non-
TGMV sequences.) For CR48–326, a 271-bp fragment was
generated from CR28–326 using the primers, 59-GAG-
GAGGGGaTCCAAAAGTTATATG and 59-cgccagggttttc-
ccagtcacgac, followed by digestion with BamHI/HindIII.
CR48–326 was digested with BamHI, SmaI, and mung
bean nuclease and religated to give both CR54–326 and
CR63–326.
Origin site-directed mutants
CR228–326 was used as the template for site-directed
mutagenesis (Kunkel, 1985) to generate the CA-motif and
AL1 binding site mutants. For CA-a, CA-b, and CA-c,
mutant oligonucleotides were based on the TGMV A
sequence 59GGGGCTCCAAAAGTTATATGAATTGG. For
the binding site mutations, the mutant oligonucleotides
were derived from the TGMV A sequence 59-GAATTGG-
TAGTAAGGTAGCTCTTAT. The AL1 binding site mutants
59-a and 39-a have been described before (Fontes et al.,
1994a).
Origin replacement mutants
Replacement mutants were generated by ligating an-
nealed synthetic oligonucleotides into a wild type origin
digested with the appropriate restriction enzymes. The
plasmid pNSB463 was generated by ligating CR12460–326
DNA with BanII and repaired Bsu36I ends with the an-
nealed oligonucleotides 59-CCAAAAGTTATATGAATTGG-
TAGTAAGGTAGgctagcccatggttgctcgagccc and 59-ggg-
ctcgagcaaccatgggctagcCTACCTTACTACCAATTCATA-
TAACTTTTGGAGCC. The replacement mutant RM85–95
was generated using the oligonucleotides 59-TAGAAGT-
TCCTAAGGGGCAC and 59-GTGCCCCTTAGGAACTTCTA,
and pNSB463 DNA with BsaAI and repaired NcoI ends.
RM96–108 was made using the oligonucleotides 59-
CCAAAAGTTATATGAATTGGTAGTAAGGTAGCTCTTA-
TATAT and 59-ATATATAAGAGCTACCTTACTACCAAT-
TCATATAACTTTTGGAGCC, and pNSB463 DNA with
BanII and trimmed NcoI ends. RM109–118 was con-
structed using the oligonucleotides 59-tccaaggtccGCG-
GCCATCCGTTTAAT and 59-ATTAAACGGATGGCCGCg-
gaccttgga, and CR12460–326 DNA with SspI and trimmed
Bsu36I ends. Replacement sequences were designed to
contain no homology to wild type sequences and to
introduce unique restiction sites for future mutagenesis
of this region.
Origin spacing mutants
TGMV origin spacing mutants were generated from
CR12460–326 using the Bsu36I and BsaI sites at positions
108 and 115, respectively. CR12460–326 was digested with
Bsu36I, treated with Klenow and religated to give
13(108) or ligated to the linker, 59-ccaatcgtgg, to give
113(108). Alternatively, Bsu36I-digested CR12460–326 was
treated with mung bean nuclease and religated either
alone or with the linkers 59-TAAatcgtgg or 59-TAAc-
caatcgtgg to give 23, 17(108), and 110(108), respec-
tively. The spacing mutants 17(115), 110(115), 113(115),
and 120(115) were created by inserting the linker se-
quences 59-actgatg, 59-ccaatcgtgg, 59-taaccatcgtgg, and
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59ccaatcgtggccaatcgtgg, respectively, into the BsaI site.
The mutant 27 was generated by digesting CR12460–326
with Bsu36I and BsaI, treating with Klenow, and religat-
ing, whereas 210 was made by digesting CR12460–326
with Bsu36I and BsaI, treating with mung bean nuclease,
and religating.
Transcriptional reporters and plant expression
cassettes
The transcriptional reporter, A28–326-luc, contains the
AL1 promoter (TGMV A positions 28 to 326) upstream of
the luciferase (luc) coding sequence (Eagle et al., 1994).
The reporter A39–326-luc was made by digesting A28–326-
luc with BglII/MfeI, followed by treatment with Klenow
and religation. The AL1 (pMON1549) and AL1,2,3 plant
expression cassettes (pMON1548), which contain the
TGMV open reading frames under the control of the
cauliflower mosaic virus 35S promoter with a duplicated
enhancer (Kay et al., 1987) and the 39 end of the pea
ribulose bisphosphate-carboxylase small subunit E9
gene (Coruzzi et al., 1984) have been described previ-
ously (Fontes et al., 1994a; Orozco and Hanley-Bowdoin,
1996).
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